The evolution from outcrossing based on self-incompatibility (SI) to a selfing system is one of the most prevalent transitions in flowering plants. It has been suggested that the loss of SI in Arabidopsis thaliana is associated with pseudogene formation at the SCR male component of the S locus. Recent work, however, suggests that alternative alleles with large deletions at the S locus are also present and may be responsible for the evolution of selfcompatibility in this species. We demonstrate that most of these deletion alleles are evolutionarily derived from an S haplotype (haplogroups A) that already possessed the SCR pseudogene. This haplotype and its deletion variants are nearly fixed in Europe. Together with previous transgenic data, these results suggest that the pseudogenization of ΨSCR1 gene changed the SI phenotype in the majority of A. thaliana accessions, and was a critical step in the evolution of selfing in this species. Two other haplogroups (B and C) were also identified, the former of which contains a novel and possibly functional SCR allele. In contrast to haplogroups A, these two haplogroups are found primarily in Africa and Asia. These results suggest that self-compatibility, which appears to be fixed in this species, arose multiple times with different genetic bases, and indicates that a species-specific trait is associated with parallel evolution at the molecular level.
Introduction
Determining the genetic basis of parallel origins of the same phenotype is critical to understanding models of phenotypic evolution (Shimizu 2002; Mundy et al. 2004; Hoekstra & Coyne 2007) . Stebbins (1974) reported that 'the evolutionary pathway from obligate outcrossing based upon selfincompatibility to predominant self-fertilization' is one of the most prevalent parallel evolutionary transitions in flowering plants. Charles Darwin proposed the earliest model to explain the prevalence of selfing, hypothesizing that selfing can be evolutionarily advantageous when pollinators or mates are scarce (Darwin 1876). Since then, there have been concerted efforts to understand the genetic basis for the evolution of self-compatibility and the consequences that inbreeding poses on organismal populations (Bustamante et al. 2002; Mable et al. 2005; Newbigin & Uyenoyama 2005; Shimizu & Purugganan 2005; Glemin et al. 2006; Igic et al. 2006) . Many Brassicaceae species have a self-incompatibility (SI) system to prevent selfing (80/182 compiled by Bateman 1955; 14/61 compiled by Mable 2004) . The studies using Brassica and Arabidopsis revealed that the sporophytic selfincompatibility system is encoded by the S (sterility) locus, which comprises a gene complex containing at least two functional genes (Bateman 1955; Stein et al. 1991; Schopfer et al. 1999; Suzuki et al. 1999; Takasaki et al. 2000; Takayama et al. 2000 Takayama et al. , 2001 Kachroo et al. 2001; Kusaba et al. 2001; Schierup et al. 2001; Nasrallah 2002) . The SRK/Aly13 gene encodes a transmembrane Ser/Thr receptor kinase expressed in the stigma, while the SCR/SP11 gene encodes a small cysteine-rich protein found in pollen coats that acts as a ligand to the SRK receptor protein. Balancing selection has maintained a number of haplotypes with high sequence divergence. SCR and SRK proteins from the same haplotype bind together specifically, and result in downstream signalling through protein kinases and U-box proteins to inhibit male pollen tube development (Liu et al. 2007) . Inactivation of at least one of the components of this system is a necessary step in the evolution of selfing.
Arabidopsis thaliana is a predominantly self-fertilizing species with an outcrossing rate estimated at ~1% (Abbott & Gomes 1989) . The whole genome sequence of the A. thaliana Col-0 accession (or ecotype) showed that the SCR and SRK genes at the S locus are present as the pseudogenes (Kusaba et al. 2001) . ΨSCR1 (pseudoSCR1) encodes a truncated open reading frame without five of eight conserved cysteine residues critical for protein structure, and in addition, two highly truncated sequences named ΨSCR2 and ΨSCR3 were found. ΨSRK has a premature stop mutation (Kusaba et al. 2001) . Previous analysis indicates that variants of SRK at the S locus in this species belong to one of three major haplotype groups, referred to as haplogroup A (including Col-0), B and C (Shimizu et al. 2004) . These variants will be designated here as SRK (or SRK-A, SRK-B, and SRK-C for each) instead of ΨSRK, since some of the variants may be intact (Shimizu et al. 2004 and see below) . Transgenic introduction of functional copies of SCR and SRK from the sister species Arabidopsis lyrata into the A. thaliana C24 accession renders it fully self-incompatible. Similar experiments in six more accessions, including Col-0, leads to partial self-incompatibility, with the decay of SI at a later stage of stigma development. These transgenic experiments provide causal evidence that the disruption of SCR and/or SRK underlies the evolution of self-compatibility of those accessions Nasrallah et al. 2004) . In the latter six accessions, a U-box gene was reported to be responsible for the partial rescue and may also have contributed to the evolution of partial self-compatibility (Liu et al. 2007 ).
Previous analysis using 24 A. thaliana accessions suggested a single origin of selfing, followed by positive selection on the ΨSCR1 pseudogene (Shimizu et al. 2004) . Since then, population structure in this species has been reported based on genome-wide single nucleotide polymorphism (SNP) data (Nordborg et al. 2005; Schmid et al. 2006) . Moreover, subsequent studies indicated that a deletion of the ΨSCR1 sequence was found in ~23% of A. thaliana accessions and that part of the genotyping in Shimizu et al. (2004) was due to spurious polymerase chain reaction (PCR) amplification ). This raised the possibility of independent origins of selfing that could arise from strong selective pressures for self-fertilization (Nasrallah et al. 2004; Sherman-Broyles et al. 2007) .
The lack of ΨSCR1, however, may be explained as a secondary loss rather than an independent origin of selfcompatibility. To determine the origins of these deletions, we have examined those accessions that appear to have a deletion as well as the variant SRK haplotypes. Here, we show that there is a significant fraction of S haplotypes that have a large deletion, and these appear to be secondarily derived from the predominant haplogroup A. Moreover, we do find a novel full-length SCR allele in the offshore African Islands, and provide strong evidence of independent origins of self-compatibility in this species.
Materials and methods

Amplification and sequencing of alleles
Arabidopsis thaliana accessions were obtained from the Arabidopsis Biological Resource Center (ABRC). The accessions used for sequencing are shown in Table S1 , Supplementary material. Genomic DNA was isolated from young leaves by using the Plant DNeasy Mini kit (QIAGEN). PCR was performed with Taq DNA polymerase (Roche), Go-Taq polymerase (Promega) or ExTaq (TaKaRa). DNA fragments were purified with the QIAquick PCR Purification and Gel Extraction kits (QIAGEN) if required and sequenced directly. TAIL-PCR (Liu & Whittier 1995; Terauchi & Kahl 2000) and BD GenomeWalker Universal Kit (BD) were used to isolate flanking sequences. Primers used for amplification and genotyping are shown in Table S2 , Supplementary material. DNA sequencing was conducted at the Institute of Plant Biology, University of Zurich, with a PRISM 3730 48-capillary automated sequencer (Applied Biosystems) and at the North Carolina State University Genome Research Laboratory with a PRISM 3700 96-capillary automated sequencer (Applied Biosystems). All singleton polymorphisms were visually confirmed, and ambiguous polymorphisms were rechecked with PCR re-amplification and sequencing. GenBank Accession nos for these genes are EF692396-EF692486, EU083397-EU083398, EU162138 and AY772638.
Molecular population genetics analysis
Sequences were aligned manually against the whole genome A. thaliana Col-0 sequence (Arabidopsis Genome Initiative 2000). CS6622 (Bla-10) and CS1044 (Bu-21) used in Shimizu et al. (2004) were removed from the sequence analysis, since heterogeneity and/or heterozygosity were suggested in genotyping. Indeed, both Bla and Bu populations are highly polymorphic in the genotypes of S locus (Table S3 , Supplementary material). Instead, CS6652 (Bu-21), which is a single-plant descent from the bulk stock of CS1044 (Bu-21), was sequenced and analysed ( Table S1 ). Note that nucleotide diversity of ARK3 may be overestimated because of closely linked paralogues (Hagenblad et al. 2006; Sherman-Broyles et al. 2007) . Polymorphism analyses were conducted by using dnasp 4.10.7 (Rozas et al. 2003) . Levels of silent or synonymous site nucleotide diversity were estimated as π (Tajima 1983) . Recombination analysis was conducted using four-gamete test as implemented in dnasp 4.10.7 to estimate all R M (minimum number of recombination events) pairs of sites where it is possible to assign at least one recombination event (Hudson & Kaplan 1985) . The SCR sequences of Cvi-0 and Col-0 were aligned with known SCR alleles of Arabidopsis lyrata and Arabidopsis halleri (AlSCR37, GenBank Accession no. DQ520280, AhSCR04, GenBank DQ520277, SCRa, AB052703, SCRb, AB052754) (Kusaba et al. 2001; Bechsgaard et al. 2006) . Phylogenetic analysis of SCR was conducted using the neighbour-joining method with the Kimura 2-parameter model and implemented in mega 3.1 (Kumar et al. 2004) . Parsimony analysis of long terminal repeat (LTR) phylogeny was conduced using paup* version 4.0 (Swofford 1999) . Node confidence was determined by 1000 bootstrap replicates of the data, and bootstrap values supported in more than 50% are indicated.
Expression analysis and the isolation of complementary DNAs
Total RNA was extracted from floral bud and flower tissues of Col-0, Cvi-0, Nok-0 and Pog-0 plants with the RNeasy kit (QIAGEN). The complementary DNA (cDNA) was synthesized with the RETROscript reverse transcription kit (Ambion). Reverse transcription (RT)-PCR with 25 cycles was conducted for each gene pair by using primers anchored in exons but designed to amplify across introns. The constitutively expressed gene ACT8 was used as a control for cDNA quality and to equalize loadings of RT-PCR products (shown in fig. 4 A of Shimizu et al. 2004 using the same cDNA). Negative control reaction with no reverse transcriptase yielded no PCR amplification, which confirmed that the amplified bands were derived from RNA (data not shown). The 3′ ends of the ΨSRK cDNA of Col-0, Pog-0 and Cvi-0 were isolated with the 5′/3′ RACE Kit, 2nd Generation (Roche). GenBank Accession nos for the longest cDNA sequences are EF692487-EF692490.
DNA gel blotting
The protocol based on Hebbar and Curtis (Hebbar & Curtis 2000) was used for DNA gel botting. Genomic DNA of each accession (1.4 μg) was digested with DraI, and run on 1% agarose gels and blotted to Nytran membranes. A probe DNA of 1.5 kb including the putative start and stop codons of ΨSCR1 was amplified by primers PseSCRF1 and Pse-SCRR3. The Alkphos Direct kit (Amersham) was used to label the probe according to the manufacturer's instructions.
Another gel blotting experiment using HincII yielded a similar result (data not shown).
Genotyping
We re-genotyped the S locus in 297 A. thaliana accessions that represent a nonredundant geographical collection. In this collection, accessions from the same locality with redundant genotype based on SNP data (Schmid et al. 2006) were removed as described by Korves et al. (2007) . In addition to the stock centre accessions, an accession from Ketumbeine Mountain in northern Tanzania, collected and donated by William Kindeketa and James Campanella, was included for the broader coverage of the distribution range. Primers were designed to assay presence/absence polymorphisms of eight regions at S locus of haplogroup A: two large deletions (A-t2, A-t3), the 5′ portion of SRK-A (encompassing start codon), the middle of SRK-A (S domain coding region) and the 3′ portion of SRK-A (characterizing full-length alleles of A-t4 and A-t5), the 5-bp deletion of A-t5, ΨSCR1, and the U-box gene. We also genotyped the haplogroup B and C alleles using primers to amplify the S domain of SRK, as previously described in Shimizu et al. (2004) . Positive control ACT8 was successfully amplified from all 297 accessions. In addition, PCR of the A-t3 deletion worked as a negative control in that it was not amplified except for one accession. However, it should be noted that genotyping of presence/absence polymorphism may not yield clear-cut results compared with length polymorphisms. Faint amplification was sometimes observed (Table S3) , which may suggest PCR failure, subtle contamination, mutations or rearrangements including inverted repeats.
Results
Deletion derivatives of the S locus
We analysed Ag-0, Sha and Mt-0 accessions (Table S1 ), which were removed from previous population genetic analyses because of lack of PCR amplification in SRK (supporting table S1 of Shimizu et al. 2004) . A Southern blotting experiment suggested a rearrangement of the genomic structure of Sha and Mt-0 at this locus (Nasrallah et al. 2004) .
We confirm a large deletion removing ~23 kb of the S locus that includes ΨSCR1 as well as most of SRK-A (Fig. 1 ,  Table S2 ), which was reported from the C24 accession . We refer to the original Col-0 haplotype as A-t1 (type 1), and the deletion haplotype as A-t2 (see Fig. 1 ). The 5′ breakpoint of this deletion is within the LTR of an upstream Ty1/copia-like retrotransposon sequence (At4g21360) found in this genomic region, while the 3′−deletion breakpoint is within the first exon of SRK. Between them is an inverted repeat of ~1 kb which includes SRK sequence found in haplogroup A; however, we and others could not sequence this region.
We also observe a different type of deletion in one accession, Mir-0, which we designate as A-t3. The 5′−deletion breakpoint for this haplotype is also located in the retrotransposon LTR, but starts 124 bp distal from where the A-t2 deletion begins; the 3′ border is also in the middle of SRK exon 1, leaving 914 bp of coding sequence.
In our previous analysis (Shimizu et al. 2004) , no apparent disruptive mutations were found in exon 1-5 of SRK in the Pog-0 and Nok-0 accessions. We refer to this haplogroup A variant as the A-t4 haplotype. We isolated the cDNA of SRK containing all seven exons of this gene using rapid amplification of cDNA ends (RACE) PCR and RT-PCR. Predicted amino acids of A-t4 was aligned with SRK haplogroup B and C sequence of Arabidopsis thaliana (Shimizu et al. 2004) , and with SRKa and SRKb of Arabidopsis lyrata (Kusaba et al. 2001) (Fig. S1, Supplementary material) . The position of the stop codon is conserved among all Arabidopsis haplotypes in which the stop position is known, suggesting that A-t4 has a full-length allele of the SRK gene. Moreover, the SRK A-t4 allele has no nonsense or frameshift mutations, nor the inverted repeat found in A-t1 (Fig. S1) . Together, these sequence data suggest that haplogroup A-t4 contains an intact allele of the SRK gene.
We also identified a derivative of this A-t4 haplotype, which has the identical structure but contains a 5-bp frameshift deletion in exon 5 (see Fig. 1 ) and 27-bp deletion in exon 7 compared with the SRK gene of A-t4; we refer to this haplogroup A deletion variant as A-t5. ΨSCR1 was found both in A-t4 and in A-t5 as well as in A-t1 as reported (Shimizu et al. 2004) . Its truncated open reading frame lacks five of eight conserved Cys residues (Fig. 2a) . In addition, sequencing of the entire exon 1 revealed that ΨSCR1 of A-t4 was further degraded by the 5-bp frameshift deletion. The isolation of a full-length SRK gene of A-t4 also revealed that the SRK gene of Col-0 (A-t1) was disrupted not only by the nonsense mutation in exon 4 but also by the deletion of the end of exon 7 and the skipping of exons 6 and 7, both of which might have been caused by a single rearrangement involving the inverted repeat (Fig. S1 ).
The deletion haplotypes at S locus are derived in haplotype A
We genotyped the 297 A. thaliana accession set, containing a nonredundant geographical collection, for the S locus (Table 1 and Table S3 ). The haplogroup A (with all its variants including A-t1 to A-t5) is found in 93.9% in our sample. The canonical A-t1 haplotype is still the most frequent haplotype in A. thaliana (54% of accessions, see Table 1 ). The A-t2 deletion haplotype is also common and is found in 26% of the accessions. In contrast, the deletion derivative A-t3 is found in only one accession. ΨSCR1 was not amplified from 91 accessions with A-t2 or from one accession with A-t3, confirming that this pseudogene was deleted. In contrast, ΨSCR1 was amplified from almost all other accessions which have haplogroups A-t1, t4 and t5 (185 of 187 accessions), indicating that A-t2 is the only major subgroup with the deletion of ΨSCR1 in haplogroup A. One of the two accessions where ΨSCR1 could not be amplified, Sah-0, was shown by Southern blot analysis to have a rearranged ΨSCR1 rather than deletion .
Both the A-t4 and A-t5 haplotypes together are found in only 7% of the accessions. Further rearrangements appear to have occurred in the S locus to create additional possible haplotypes, although their frequencies are relatively minor. For example, 15 accessions had the A-t2 deletion, but either no or faint amplification of the 5′ portion of SRK was observed. This type is designated A-t2-var, indicating that further rearrangement(s) may have occurred in the A-t2 haplotype. Recent work also suggests that the A-t2 deletion variant has a chimeric structure, in which a rearrangement has incorporated another SRK allele at the distal part of the S locus . Expected lengths of spliced bands were confirmed from the sequencing of cDNA of both haplogroups A and B. In addition, a faint band with the same length as the genomic control was repeatedly found in haplogroup A, suggesting that a small portion of the transcript of this pseudoallele was not spliced. c, cDNA; g, genomic control including intron 1; neg, negative control using no reverse transcriptase.
To examine the origin of the A-t2 that has a deletion of the ΨSCR1 pseudogene, we sequenced a 507-bp portion of the LTR of the upstream Ty1/copia-like retrotransposon At4g21360 found at the S locus using 33 accessions. This LTR is located right at the 5′ deletion boundary of the large deletion haplotype A-t2 (Fig. 1) . The sequence of the LTR is unique and can be easily discriminated from other LTR sequences in the genome. Moreover, this region is easily aligned among all the 33 accessions of haplogroup A, although most of the sequence between SRK and U-box were reported to be unalignable because of retro-elements based on the genomic sequence of Col-0 (A-t1) and C24 (A-t2) . As an outgroup, we use the LTR of At4g08108, which is the only sequence in the Col-0 whole genome sequence with more than 90% homology to the At4g21360 sequence in the S locus.
The phylogenetic analysis (Fig. 3) suggests that the moderate-frequency haplogroup A-t2 deletion is evolutionarily derived from the haplogroup A-t4 haplotype, which contains the ΨSCR1 pseudogene. The LTR sequences of A-t2 are identical to that of Nok-0 (A-t4) in this region except for length variation at a simple repetitive sequence. By PCR and sequencing, we also confirmed that the 20 accessions in this phylogenetic analysis that had haplotypes A-t1, A-t4 and A-t5 contain nonfunctional ΨSCR1. The A-t3 variant has a shorter LTR sequence because of a bigger deletion, and was removed from the phylogenetic analysis. However, the alignable portion (385 bp among 507 bp used in the phylogeny of Fig. 3 ) is identical to A-t2, suggesting the deletion occurred in the clade with A-t2, A-t4 and A-t5. These results suggest that the pseudogenization of the SCR gene, and the accompanying loss of selfincompatibility, had already occurred in the common ancestor of haplogroup A, preceding the deletion that led to the A-t2 haplotype as well as other rearrangements found in haplogroup A.
Recombination is known to occur in the S locus of haplogroup A of A. thaliana (supporting table S2 of Shimizu et al. 2004) , which may confound any phylogenetic inference of SI haplotypes. We analysed recombination in this genomic region using 15 accessions in which all of U-box, LTR, ΨSCR1, SRK and ARK3 were sequenced. The position of the recombination was estimated using the four-gamete See Table S3 for details of each accession. test (Hudson & Kaplan 1985) . Three recombination events were estimated: one between U-box and LTR, one between exon 4 and exon 1 of SRK, and one between exon 1 of SRK and exon 4 of ARK3. In turn, no recombination was detected in the region spanning the LTR, ΨSCR1 to exon 4 of SRK. This block of linkage disequilibrium includes the major gene disruptive mutations of ΨSCR1 and SRK, including the premature stop mutation and inverted repeat of A-t1, the 5-bp deletion of A-t5, and the deletion of ΨSCR1 and SRK of A-t2 and A-t3. This suggests that we can rely on the close linkage between these loci to map evolutionary changes in the latter two genes onto an SI haplotype phylogeny based on the LTR sequence. We mapped the ΨSCR1 deletions and the mutations disrupting the SRK gene on the phylogeny of LTR (Fig. 3) . The phylogeny indicates that the multiple mutations that resulted in the disruption of the SRK gene in A. thaliana occurred independently after the pseudogenization of ΨSCR1. Sequences associated with the canonical A-t1 haplotype are found in three separate groups in the tree, but all share the SRK inverted repeat and premature stop codon, suggesting that they should belong to one clade. Another clade with 85% bootstrap support contains the intact A-t4 and the 5-bp deletion haplotype A-t5, as well as the A-t2 large deletion haplotypes disrupting SRK. Both the phylogeny as well as the structure of these haplotypes (i.e. the implausibility of reversion to an intact sequence from a deletion haplotype variant), suggests that the 5-bp deletion occurred at the branch leading to the Chi-1 and Te-0 accessions (Fig. 3) .
Lowest nucleotide diversity at Ψ SCR1 in the S locus of haplogroup A
We analysed the pattern of nucleotide diversity using 20 accessions that contain ΨSCR1 (A-t1, A-t4 and A-t5). This analysis considered silent site positions, since SRK as well as ΨSCR1 is expressed (Fig. 2b and Shimizu et al. 2004 ). The results show that nucleotide diversity π was lowest at ΨSCR1 (π = 0.0005) and second lowest at SRK (silent π = 0.0010) among neighbouring loci (Table 2) . We also calculated π of total sites of ΨSCR1 and SRK, since most alleles are pseudoalleles and may be treated as silent. Still, the same pattern is observed (Table 2) . Moreover, if we examine all accessions that have haplogroup A variants (including the deletion haplotypes A-t2 and A-t3), we find that the nucleotide diversity levels for the adjacent (undeleted) retrotransposon LTR, U-box and ARK3 genes are similar to those when considering only the nondeletion variants (see Table 2 ). These data suggest that a selective sweep occurred in the S locus of haplogroup A (see discussion).
Re-evaluation of haplogroups B and C: population structure and a novel SCR allele
The haplotype group A-t1 and its derived deletion haplotypes are found at very high frequency (~94%) in our sample of 297 accessions. In contrast, haplotype groups B and C are found at higher frequency in the limited number of non-European accessions we genotyped (see Table 1 ). The haplogroup B alleles are present in only two accessions that are found in offshore African island groups: the Cape Verde Island (Cvi-0) and Canary Island (Can-0) accessions. The haplotype group C alleles are found at 4% frequency in the global sample; in Europe they are at 3% frequency, but are at 45% frequency in Africa and Asia. This geographical differentiation in distribution is significant (9/ 286 in Europe, 5/11 in Africa and Asia, Fisher's Exact test, P = 0.00004) and is consistent with recent reports of some population structure of A. thaliana, which is possibly associated with the expansion from multiple glacial refugia π is the estimate of nucleotide diversity at silent sites. Numbers of alleles used for each estimate are shown. The Edi-0 and Bu-21 accessions were removed from the ARK3 analysis, since double peaks in sequencing (possibly by heterozygosity or tandem duplication) were observed. NA, not applicable.
in Europe and Asia (Sharbel et al. 2000; Nordborg et al. 2005; Schmid et al. 2006) . In these previously published analyses, Cvi-0 and Mr-0 accessions differ significantly from other accessions (Nordborg et al. 2005) , and consistently have the SRK of haplogroup B and C (SRK-B and SRK-C), respectively (supporting tables S1 and S3 of Shimizu et al. 2004) . As opposed to our previous report, our re-examination showed that ΨSCR1 of haplogroup A were not detected from accessions that had SRK sequence of the haplogroup B and C by both PCR and Southern blot analysis (ShermanBroyles et al. 2007) (Fig. 2c) . Our previous report of the ΨSCR1 and ΨSCR2/3 gene from haplogroups B and C (Shimizu et al. 2004 ) was due to either spurious PCR amplification by the primers and/or by DNA contaminations (correction submitted). Instead, we do find a novel haplotype of SCR in the haplogroup B Cvi-0 accession, which we name SCR-B (Fig 2a, b) . PCR genotyping with sequencing revealed that the Can-0 accession also has SCR-B as well as SRK-B (supporting table S3 of Shimizu et al. 2004) .
SCR-B is tightly linked to an SRK gene (SRK-B) located on the opposite strand, with only 106 bp between the stop codons ( Fig. 1 ). This allele, as well as the ΨSCR1 of haplogroup A, is transcriptionally expressed in floral tissue (Fig. 2d) , and is predicted to encode a protein with 92 amino acids. The alignment shows that eight cysteine residues known to be important for SCR protein structure are conserved in SCR-B (Watanabe et al. 2000; Sato et al. 2002) (Fig. 2a) , suggesting that the gene encodes a full-length product with no obvious gene-disruptive mutations.
Using the Mr-0 accession containing haplogroup C, we could not identify any SCR allele either by isolating sequences flanking SRK, by designing conserved primers in SCR, or using degenerate RT-PCR (Sato et al. 2002) . This, together with the Southern blot analysis, suggests that there is indeed a deletion of SCR in Mr-0 or that it contains a highly divergent SCR allele.
Discussion
Previous work suggested that ΨSCR1 has the lowest nucleotide diversity in the S locus and that a selective sweep at this pseudogene accompanied the rise of selfing (Shimizu et al. 2004) . We now find that ΨSCR1 was not fixed throughout the species. Nevertheless, the high frequency of haplogroup A variants (including the deletion haplotypes A-t2 and A-t3), suggests that selection has driven members of this haplotype group to high frequencies, particularly in Europe. The predominance of one haplotype group in Arabidopsis thaliana is all the more impressive given that diversifying selection at SI loci is expected to result in a large number of highly divergent allelic types, as observed in the sister species Arabidopsis lyrata (Charlesworth et al. 2003) .
We also analysed the pattern of nucleotide diversity using 20 accessions that contain ΨSCR1 (A-t1, A-t4 and A-t5). The results show that nucleotide diversity π was lowest at ΨSCR1 and second lowest at SRK-A among neighbouring loci (Table 2) , which is consistent with a selective sweep on the S locus in haplogroup A. Modelling selection at this locus, however, requires the development of methods to examine partial selective sweeps that arise in a background of balancing selection and population structure. Currently, this is not feasible.
Nevertheless, sequence analysis also implies that the pseudogene ΨSCR1, rather than SRK-A, is the most likely target of selection associated with the evolution of selfcompatibility in A. thaliana in European accessions. Although both SCR and SRK have mutations that disrupt gene function in the haplogroup A (A-t1 to A-t5), there are multiple independent mutations in SRK-A that leads to putative loss-of function alleles, and several accessions also possess what appears to be an intact, expressed SRK locus. Both observations are inconsistent with the hypothesis that SRK is the target of recent positive selection that may have led to the high-frequency self-compatible haplotypes in A. thaliana. This result, however, is consistent with a model of multiple disruptive mutations of SRK occurring during or after the formation of ΨSCR1.
The evolution of selfing involves a number of evolutionary changes such as the loss of self-incompatibility and often changes in floral morphology to allow for self-pollination. Selfing is prevented by self-incompatibility in many Brassicaceae species including A. lyrata and Arabidopsis halleri, which are close relatives of A. thaliana. Thus, the loss of self-incompatibility was a necessary step in the evolution of selfing in A. thaliana. So far, SCR and SRK are the only genes that can cause complete self-compatibility when mutated. Indeed, self-incompatibility can be restored fully or at least partially by introducing functional SCR and SRK (Nasrallah et al. 2004) , indicating that the disruption of SCR and/or SRK caused the transition from full-or partial-self-incompatibility to complete self-compatibility. Here, we showed that the nonfunctional ΨSCR1 pseudogene and its derivatives spread to 94% of all the worldwide accessions tested. These data strongly suggest that the pseudogenization of ΨSCR1 gene changed the SI phenotype of most individuals, and was a critical step in the evolution of selfing in A. thaliana.
It is possible that downstream genes such as U-box changed at an earlier step to result in a mixed mating system based on partial self-compatibility (Liu et al. 2007) , although these systems might have degraded during or after the evolution of complete self-compatibility. The stability of an intermediate selfing rate is one of the most controversial questions in plant reproductive ecology Goodwillie et al. 2005) . Further studies on the relative evolutionary timing and contributions of S genes vs. downstream genes may give new insights into this classic question.
In contrast to the European accessions, the Cvi-0 accession from the Cape Verde Islands and Can-0 accessions from Canary Islands possess S haplogroup B, which contains a novel SCR sequence expressed in flower tissues and with no obvious gene-disruptive mutations. The SRK gene of haplogroup B has a splicing mutation causing a frameshift (Shimizu et al. 2004 ), while its counterparts in selfincompatible A. lyrata and A. halleri seem to have functional alleles without this mutation . These results suggest that the ancestor of Cvi-0 and Can-0 had a self-incompatibility system with functional SRK-B and SCR-B, and that these accessions do not have a haplogroup A ΨSCR1 pseudogene. In addition, Cvi-0 has other divergent gene sequences at the S locus genomic region, including the U-box gene (Shimizu et al. 2004) and ARK3 (ShermanBroyles et al. 2007 ). Since Cvi-0 and Can-0 are selfers, these results indicate that the evolution of self-compatibility occurred independently from the pseudogenization of ΨSCR1 of haplogroup A.
It appears that the evolution of self-compatibility occurred at least twice in A. thaliana -once in an ancestor that gave rise to most of the European accessions and which has carried to near-fixation by selection (~94% of all accessions tested, ~96% in Europe), and the other in the progenitor of the Cape Verde Islands and Canary Islands accessions. In the former case, SCR (ΨSCR1) was already pseudogenized in their common ancestor. In the latter case, an obvious candidate mutation that caused the selfcompatibility phenotype associated with haplogroup B is the splicing mutation of SRK-B.
Molecular genetic studies of phenotypic evolution reveal that parallel evolution is much more prevalent than is apparent from mere consideration of phenotypic states, and independent mutations in the same genes are often observed (Shimizu 2002; Mundy et al. 2004; Hoekstra & Coyne 2007) . For example, melanism in two bird species occurs as a result of separate mutations in the melanocortin-1 receptor (Mundy et al. 2004) . In a recent speciation event in Petunia, five independent loss-of-function mutations in AN2 were suggested to have resulted in fixation of white flowers Petunia axillaries (Hoballah et al. 2007 ). Within A. thaliana, multiple mutations at the flowering time gene FRIGIDA result in variation in the early flowering phenotype (Shindo et al. 2005) . Self-compatibility is fixed within the species A. thaliana. It diverged from its selfincompatible relatives an estimated 5-6 million years ago (Koch et al. 2000) , and so phenotypic observation cannot suggest parallel evolution of self-compatibility. We show here that even a single fixed trait, such as self-compatibility in A. thaliana, may be derived from parallel evolutionary changes. As more ecologically important traits are dissected at the molecular level, we may begin to assess to what degree evolutionary diversification is driven by selection on independent mutations that lead to similar phenotypes, and the extent to which this may lead to parallel evolution in organisms.
